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Abstract

Irradiation-induced anisotropic swelling in hexagonal a-SiC is known to
degrade the mechanical properties of SiC; however, the associated physical
mechanism and microstructural process remain insufficiently understood.
In this study, an anisotropic swelling condition where the surface normal
direction was allowed to freely expand with constraint in the lateral
direction was introduced in 4H-SiC using selected-area He* irradiation, and
the internal defect distribution was investigated using transmission electron
microscopy (TEM) and advanced scanning TEM. The defect distribution
was compared to that in non-selected-area He*-irradiated 4H-SiC and
electron-irradiated TEM-foil 4H-SIiC. An anisotropic defect distribution
was observed in the selected-area He*-ion-irradiated 4H-SiC, with
interstitial defects preferentially redistributed in the surface normal
direction ([0004]) and negative volume defects (such as vacancies and/or
carbon antisite defects) dominantly located in the lateral directions ([1120]
and [1010]). This anisotropy of the defect distribution was substantially
lower in the non-selected-area He*-irradiated and electron-irradiated
samples. The stress condition in the three samples was also measured and
analyzed. In the selected-area He*-irradiated 4H-SiC, compressive stress
was introduced in the lateral directions (([1010] and [1120])), with little
stress introduced in the surface normal direction ([0004]); this stress
condition was introduced at the beginning of ion irradiation. The
compressive stress likely inhibits the formation of interstitial defects in the

lateral directions, enhancing the anisotropy of the defect distribution in



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

SiC.
Keywords: Silicon carbide; Irradiation effect; Swelling; Defects; TEM.
1. Introduction

Because of its excellent mechanical, structural, and electronic properties,
silicon carbide (SiC) has been proposed as an excellent candidate for
various nuclear, aerospace, and electronic applications [1-4]. SiC is
exposed to various types of irradiation during the fabrication of electronic
devices (such as ion implantation for doping carriers) or when applied in
nuclear or aerospace environments (neutron or other high-energy particle
irradiations) [5-6]. This irradiation inevitably introduces damage, which
greatly affects the mechanical and electronic properties. Particular interest
has been focused on irradiation-induced dimension instability, including
swelling [7] and creeping [8], which is a key issue for long-term structural
performance in nuclear reactors. In order to resolve these issues, one of the
key challenges is to simulate the various damages introduced by neutron
irradiation. Neutron irradiation could induce a displacement cascade of
lattice atoms, and various defects would form with diffusion and
combination of the displaced lattice atoms. However, currently neutron
irradiation experiments are hampered by long time, expensive cost and high
radioactivity [9]. High energy electron irradiation could also induce
displacement of lattice atoms that it can be used to simulate the irradiation
damage. Although it has a higher irradiation flux and damage rates, it

cannot cause the displacement cascade. Also, its penetration depth is thin,
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and it is usually performed on the foil sample. To some extent, energetic
ion irradiation is a promising simulation method, which not only could
induce the displacement cascade of lattice atoms, but also has the
advantages of high damage rates, minimal residual radio activity and low
cost [9]. The application of modern materials modeling methods has also
made great progress to study radiation effects on SiC. Y. Katoh et al. [10]
has reported the recent advances and outstanding challenges in modeling of
radiation induced defects and their interactions with microstructure,
transport of fission products through SiC, and thermomechanical properties
of SiC, which shows that such modeling can be powerful for the design of
SiC-based materials for the harsh environments encountered in fission and
fusion applications. Using first-principles density functional theory
calculations, N. Daghbouj et al. [11] advanced the understanding of the
mechanism of the bubble-to-platelet transition in the He*-irradiated 6H-SiC.
Due to the small size of defect clusters (such as < 1 nm) that they are
difficult to measure in traditional TEM, hence, how to measure and
quantify their distribution is an outstanding challenge. Recently, C. Liu, I.
Szlufarska and their coworker [7] developed a cluster dynamics model that
can describe the evolution of irradiation-induced defects, and this mode
closes the gap between simulation and experimental results in terms of the
cluster size distribution.

In the previously reported studies, sufficient effort has been dedicated to
investigating the irradiation-induced swelling in SiC. S. Leclerc et al. has

reported swelling of He*-irradiated 4H-SiC at different fluences, different
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irradiation temperature [12] and different annealing temperature [13]. They
have well characterized swelling, disorder and defects evolution in
irradiated SiC, moreover, the contribution of different types of defects or
damage to swelling was also classified. The disordering behavior, up to
amorphization, of both irradiated 6H-SIC and 3C-SiC polytypes was
successfully characterized and modelled by A. Debelle et al. [14], and the
simulation results were consistent with the experimental results. In these
reported results, most investigations were focused on the
irradiation-induced isotropic swelling. However, apart from conventional
isotropic swelling, irradiation may induce anisotropic swelling in
hexagonal-crystal o-SiC [15], which has also been observed in many other
hexagonal-crystal ceramic materials including aluminum nitride [16],
silicon nitride [17], titanium aluminum carbide [18], and titanium silicon
carbide [19]. Besides, it has also been reported that the thermal expansion
coefficients of ayy is 3.21x10°%, 5.6x10° and 12.9x10° (1/°C) for 4H-SiC
[20], AIN [21], and Cr2GeC [22], but o33 is 3.09x10°, 6.9x10°, 17.6x10°
(1/ °C), respectively. Up to now, the irradiation-induced anisotropic
swelling in a-SiC was still insufficient. Compared with isotropic swelling,
anisotropic swelling is more deleterious in terms of the resulting
degradation of mechanical properties. The swelling itself is not considered
a key limitation for the application of SiC in nuclear reactors; however, the
significant internal stress induced by differential swelling can lead to
degradation of the component structures [18,23,24]. Moreover, fractures or

microcracks have also been reported to preferentially occur at the grain
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boundaries in materials with such anisotropic swelling [18,19]. It appears
reasonable that a-SiC and other ceramics with a hexagonal crystal structure
may display differing irradiation-induced expansion in different directions,
leading to loss of the original crystal integrity and degradation of the
mechanical properties. However, a-SiC can also exhibit isotropic swelling.
For example, L.L. Snead et al. reported an essentially equivalent dilation of
the <a> and <c> axes for neutron-irradiated a-6H-SiC near 60 °C [25]. In
addition, Y. Lin and coworkers also observed anisotropic crystal swelling in
Si?*-irradiated cubic-B-3C SiC at 1000 °C [26]. Furthermore, the variation
of swelling behavior for both o- and B-SIC resulting from different
irradiation conditions (different irradiation particles, doses, and
temperatures) [25,27,28] complicates the understanding of anisotropic
swelling in SiC. To date, the underlying mechanism of this anisotropic
swelling remains far from well understood in terms of the physical
mechanism and microstructural process.

According to the correlation of defects with swelling, with volumetric
swelling dominated by various defects, especially point defects or tiny
defect clusters at room temperature [7,29], it is reasonable to consider that
anisotropic swelling should be correlated to the defect distribution for
different crystal orientations. Various attempts have been made to explore
the defect distribution and disorder accumulation in irradiated a-SiC. Jiang
et al. observed anisotropic lattice expansion in H*-implanted o-6H-SIiC at
extremely low doses below 340 K. In that study, the anisotropic swelling

was mainly attributed to irradiation-induced vacancies in the basal plane
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based on a theoretical analysis [27]. However, the defect distribution in the
samples was not provided. Zhang et al. [30] observed an anisotropy of
disorder accumulation in Au*-irradiated a-4H-SiC at 165 K using
Rutherford backscattering spectroscopy, which was well explained by the
stable defect configuration with most interstitial configurations parallel to
the [0001] direction according to the molecular dynamic simulation.
However, it is not clear that this anisotropic disorder accumulation occurs
for anisotropic or isotropic swelling in SiC. Therefore, to obtain insight into
the anisotropic swelling mechanism, a fundamental understanding of the
detailed defect distribution for different orientations or planes in SiC with
anisotropic swelling is needed. However, the defect distribution in a-SiC
with anisotropic swelling has rarely been reported because of the relatively
small size of the defects, which are difficult to observe using conventional
transmission electron microscopy (TEM), especially at relatively low
irradiation temperature [7].

Kondo et al. [31] explored the stable surface class in 6H-SIC by
analyzing nano-void shapes using TEM, which suggests that the
observation of some second-type defects formed by the accumulation of
point defects might provide insight into the defect distribution in irradiated
a-SiC. In addition, in our previous study, anisotropic swelling or strain was
introduced in 4H-SIiC using selected-area ion irradiation, as demonstrated
by atomic force microscopy and electron back scattering diffraction
(EBSD) [32]. Hence, this approach might be useful to explore the

phenomenon and underlying mechanism of anisotropic swelling in SiC. In
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the current study, anisotropic swelling was introduced in 4H-SiC using
selected-area ion irradiation, and the defect distribution in different
directions was explored using various TEM techniques. An anisotropic
defect distribution was observed in the irradiated 4H-SiC. In addition, the

potential mechanism for this defect distribution is discussed.
2. Experimental procedures

Single-crystalline n-type 4H-SiC (0001) substrates (Xiamen Powerway
Advanced Material Co., Ltd., Xiamen, China) with dimensions of 10 x 10
x 0.33 mm?® were irradiated with 100-keV He* at room temperature to
fluences of 1x10% and 5x10% cm™. During irradiation, the irradiation flux
was kept at a level of 6.2x10!2 He-cm %5, and the beam raster scanning
was performed to reach a homogeneous irradiation condition in the
irradiated area.

For comparison, both selected-area irradiation and non-selected-area
irradiation were performed. During selected-area irradiation, part of the
sample was covered by a mask with a hole 8 mm in diameter to clearly
distinguish between the irradiated and unirradiated areas. More details of
the selected-area ion irradiation procedure are provided in Ref. [32]. The
non-selected-area irradiation, i.e., without using the mask, was also
prepared at room temperature with a fluence of 5x10'® cm™. The damage
and injected helium profile for He* into SiC were calculated using SRIM
2013 in full-cascade mode. The sample density and threshold displacement
energy for the C and Si sub-lattices used in the calculation were 3.21

g-cm and 21 and 35 eV [33], respectively. The total penetration depth

8
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predicted by simulation was approximately 600 nm, and the highest
damage was predicted to occur at approximately 450 nm with a dose of
about 4.2 dpa (displacement per atom, dpa) for the fluence of 5x10 cm™
[34]. In addition, a peak helium concentration of about 2.95% is observed
at about 470 nm in depth.

After irradiation, cross-sectional thin foils for TEM were prepared from
irradiated areas using gallium ions in a focused-ion-beam system (JEOL,
JEM-90320FIB). The ion accelerating voltage was 30 kV, and the samples
were thinned to a final thickness of about 100 nm. To minimize the damage
introduced into the TEM samples by gallium ions during FIB, these TEM
samples were then polished by lower energy Ar ions using GentleMill
(TECHNOORG-IINDA Itd. Co., Gentle Mill 1VV8 HI). Both sides of TEM
samples were polished with a 1.5 kV beam at 8° incident angle for 40 mins,
then 0.5 kV at 15° for 30 mins. The microstructural features of the
irradiated 4H-SiC were observed using TEM (JEOL, JEM-2000FX) at an
operation voltage of 200 kV. The average size and number density of
defects were counted and calculated from weak-beam dark-field TEM
images, with 3-5 images used for each calculation. The TEM images used
for damage counting are all taken at the same magnification, then adjusted
to the same background contrast and brightness using Gatan
DigitalMicrograph. The BSDs were then marked by Adobe Photoshop
based on the contrast difference from the background, which could be
automatically counted using the software of MAC-View Version.4

(Mountech Co., Ltd.). The average size of a BSD was recorded by the
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Heywood diameter. The thicknesses of the observation regions were
measured using electron energy loss spectroscopy (EELS) with a
Cs-corrected scanning transmission electron microscope (FEI, Titan G2
60-300). High-resolution TEM (HR-TEM) analysis, high-angle annular
dark field (HAADF) and annular bright field (ABF) scanning transmission
electron microscopy (STEM), and core-loss EELS studies were also
performed using the Cs-corrected STEM. The operation voltage was 300
kV. HAADF- and ABF-STEM images were simultaneously obtained with a
17.8-mrad semi-convergence angle and 50-200 and 10.36-24.48 mrad
collection angles for the HAADF and ABF mode, respectively.

Together with the strain, the elastic stress in the irradiated area was also
determined using EBSD and Crosscourt3 software with the elasticity
coefficients of 4H-SIiC. A field-emission scanning electron microscope
(JEOL JSM-7001FA) equipped with an EBSD detector was used to obtain
EBSD patterns, operating at an acceleration voltage of 20 kV, a sample tilt
of 70°, and a scan size and scan step of 20x20 um? and 0.1 pm, respectively.
The elasticity coefficients provided by the Crosscourt3 software, C11=501
GPa, C12=111 GPa, C13=52 GPa, C22=501 GPa, C33=553 GPa, and
C44=163 GPa, were consistent with previously reported results [35]. The
stress was determined by analyzing the EBSD patterns using the
CrossCourt3 software. Details of this strain/stress measurement method
using EBSD and the strain results have been published elsewhere (Ref.
[32]).

Electron irradiation of thin-foil 4H-SIiC samples using a multi-beam

10
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ultra-high voltage electron microscope (multi-beam HVEM, JEOL,
JEM-ARM1300) was also performed. The TEM samples for electron
irradiation were prepared from unirradiated areas of the selected-area
He*-irradiated 4H-SIiC samples using FIB; before electron irradiation, the
TEM samples were annealed at 600 °C for 30 min in the multi-beam
HVEM to remove any potential internal stress. The electron irradiation was
performed at room temperature at an accelerating voltage of 1.25 MV with
an irradiation area diameter of approximately 2 um. The electron flux was
approximately 1.2x10%* eem 2-s7%, and the total irradiation time was 1 h.
During irradiation, the electron beam was controlled to be parallel to the
[1120] orientation. After electron irradiation, the defect distribution in
electron-irradiated thin-foil 4H-SIiC samples was also characterized using

200-kV TEM (JEOL, JEM-2000FX).
3. Results

3.1 Microstructure in He*-ion-irradiated 4H-SiC

After irradiation, the internal microstructure of the He*-implanted 4H-SiC
with a fluence of 5x10* cm2 was examined, as shown in Fig. 1(a) together
with the simulated damage and He™ distribution profiles obtained using
SRIM 2013. Because of the different irradiation damage levels, three types
of regions with distinct bright-field image contrast (gray, black, and white)
are discernible in Fig. 1(a), denoted as the A, B, and C layer, respectively,
with the B layer further separated into B; and B; layers. As indicated by the
TEM image contrast and selected-area diffraction, the near-surface layer (A

layer) with gray contrast contained only minimal damage and still

11
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maintained good crystallinity (as observed in Fig. 1(b)). However, in the
highest damage region, where the contrast was white (C layer), an
amorphous state was confirmed by observation of the diffraction, as shown
in Fig. 1(c). In addition, the two black layers (B; and B layers) adjacent to

the amorphous layer appear to contain significant defects.

a
(a) i
E S
‘34 0 - E
- -
o Surface 202
-

=
5 E
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©2.0 - =
3 1.0 3
& o
a =

0.0

Fig. 1. Internal microstructure distribution of He*-irradiated 4H-SiC up to a fluence of 5
x 10' cm™. (a) Cross-sectional micrograph of He*-implanted 4H-SiC and depth
distribution of displacement damage (white dashed line) and He concentration (red solid
line). (b, ¢) Diffraction patterns corresponding to the (b) A layer and (c) C layer. (d-f)
High-resolution TEM images obtained from different regions: (d) A layer, (e) B1 layer,
and (f) near the interface between the B1 and C layer. The images were taken near the

[1120] zone axis.
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To resolve the defects in each region, HR-TEM images were obtained
along the [1120] zone axis, which are displayed in Fig. 1(d-f), with Fig.
1(d), 1(e), and 1(f) corresponding to the A layer, B; layer, and the interface
between the B; and C layer (amorphous/crystal interface), respectively. In
the A layer, the basal plane structure was maintained, which agrees well
with the diffraction analysis shown in Fig. 1(b). In addition, the contrast of
a few defects can be observed in Fig. 1(d). The main defects in the surface
region might be point defects or tiny defect clusters that are difficult to
clearly distinguish using HR-TEM [28]. However, in the relatively
high-damage region (B, layers), the crystal exhibited obvious disorder (Fig.
1(e)). Black spots are clearly observed in this image, which are so-called
black spot defects (BSDs) [7,11,36], a type of point-defect clusters
composed of vacancies and interstitials in irradiated SiC. A small fraction
of these black spots may also correspond to small dislocation loops
according to previously reported results [37]; however, here, we consider
all of them to be BSDs for convenient discussion. Fig. 1(f) shows the
microstructure near the amorphous/crystal interface; BSDs are also visible,
and some even appear in the amorphous region like an island.
3.2 Defect distribution

The presence of lattice defects in crystalline materials leads the planes
close to the defects to bend. Bending of the lattice planes results in a
change of diffraction and therefore a change in the image contrast;

information about the defects can thus be obtained by studying the contrast
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in TEM [38]. To identify characteristics of the defect clusters (BSDs),
different reflections corresponding to different sets of lattice planes were
used to explore the defect distribution in selected-area He*-irradiated
4H-SIC. The distributions of BSDs under different TEM two-beam
observation conditions are presented in Fig. 2, with Fig. 2(a, b) obtained at
diffraction vector g = [0004] and Fig. 2(c, d) obtained at g = [1120]. These
images were obtained from the same area, and for orientation, a mark was
made by focused-electron-beam irradiation using a JEM-2000FX (200 kV).
Under the two-beam observation condition, the BSDs were clearly
observed in both the bright-field and dark-field images as black spots (Fig.
2(a) and 2(c)) and white spots (Fig. 2(b) and 2(d)), respectively. Comparing
the images in Fig. 2(a) and (b) with those in Fig. 2(c) and (d), it is apparent
that more BSDs appeared in the [0004] direction (Fig. 2(a) and (b)) than in
the [1120] direction (Fig. 2(c) and (d)). Moreover, the defects observed
with the reflection vector of [0004] became invisible with the reflection
vector of [1120], marked by a white square, and vice versa (marked by a
red circle). The details of the lattice-plane bending generally depend on the
characteristic of the defect [38]. According to the g-b = 0 invisible
criterion for planar defects [39-41], the defects observed in Fig. 2 should be
a type of planar defect that formed in the corresponding orientation or
plane. Similar results were also observed for the reflection vectors g =
[0004] and g = [1010] (Fig. S1 in supplementary material), with BSDs
observed in one direction becoming invisible in the other direction. Hence,

in these samples, the observed BSDs under different diffraction conditions
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appeared to be the plane defects formed in each reflecting plane.
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Fig. 2 TEM images of BSDs under different two-beam observation conditions: (a, b)
g=0004 and (c, d) g=1120, with (a, c) bright-field images and (b, d) weak-beam
dark-field images, g/3g. These images were obtained from the same area with a mark

made for orientation purposes.

More detailed comparison of the defects formed in different orientations
or planes was performed, as shown in Fig. 3. The images in Fig. 3(a)—(c)
were obtained from the same area with Fig. 3(a) in the two-beam bright

15
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different weak-beam dark-field conditions (g/3g, with g=0004 for (b) and
g=1010 for (c)). The images in Fig. 3(d) and 4(e) were also obtained from
the same area in different weak-beam dark-field conditions with g/3g and

g=0004 for Fig. 3(d) and g=1120 for Fig. 3(e).
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Fig. 3. TEM images of irradiated 4H-SiC taken under different observation conditions.
(a—c) were obtained from the same position: (a) two-beam bright-field image and (b, c)
g/3g weak-beam dark-field images with g=0004 for (b) and g=1010 for (c). (d, €) were
obtained from same position with g/3g weak-beam dark field and g=0004 for (d) and

g=1120 for (e).

These images show the different distributions of BSDs under different
diffraction conditions (g=0004, g=1010, and g=1120) in terms of the
defect size and number density. The average size and number density of
BSDs in region B; with different diffraction conditions were counted using
weak-beam dark-field images, and the results are summarized in Table 1.
The BSDs appearing in the [0004] direction had the highest number density
followed by those in the [1120] and [1010] directions, and the average
size of BSDs formed in the [0004] direction was also substantially larger
than that in the [1120] and [1010] directions. In Fig. 4(a), the BSD size
distribution profiles for the [1010], [1120], and [0004] directions greatly

17
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differ. Although the peak of the profile of the [1010], [1120], and [0004]
directions occurred at approximately 4 nm, the number density of relatively
large-size BSDs (=8 nm) was highest in the [0004] direction. In particular
for the [1010] profile, there was a lack of relatively large BSDs (=8 nm).
These results suggest an anisotropic defect distribution in the selected-area
ion-irradiated 4H-SIiC, and the anisotropy of the BSD distribution can be
summarized as more and larger BSDs preferentially forming in the [0004]
orientation compared with in the [1010] and [1120] orientations.

Table 1 Average size and number density of BSDs in different orientations.

The error bars represent the standard deviations

Conditions 1120 1010 0004

4.5 3.9 5.5
+0.78 +0.52 +0.33
1.6 11 2.9
+0.15 +0.18 +0.28
4.7 5.0 4.7
+0.35 +0.58 +0.52
3.1 2.7 3.5

Average size (nm)
Selected-area ion irradiation
Number density (10?2 m™)

Average size (nm)
Non-selected-area ion irradiation

Number density (10?2 m™)
+0.62 1045 +0.68
_ 6.2 7.1
Average size (nm)
o +0.39 +0.17
Electron irradiation
0.72 1.1

Number density (10?2 m)
+0.018 +0.015

18
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Fig. 4. Size distribution of BSDs in different orientations: (a) selected-area
ion-irradiated sample, (b) non-selected-area ion-irradiated sample, and (c)

electron-irradiated thin-film TEM sample. The error bars represent the standard

deviations.

3.3 Nature of defect type

The nature of the irradiation-induced defect clusters was explored using
ABF-STEM and HAADF-STEM. HAADF-STEM is a robust technique for
identifying the position of atoms and atomic columns. When applied in a
restricted zone-axis orientation, the contrast in a HAADF image is strongly
dependent on the atomic number (Z", where n=1.7) and the local thickness

[42], which provides an approximate method for identifying atomic species.
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ABF-STEM imaging can also be used to directly detect the position of
atoms [43], providing a complementary contrast to HAADF, as shown in
Fig. 5. For instance, the Si atom columns correspond to the black spots in
the ABF-STEM images and the bright spots in the HAADF-STEM images.
The ABF- and HAADF-STEM images in Fig. 5(b) and (c) were
obtained from the same region in the A layer (Fig. 1(a)), which was
relatively less damaged. Compared with the STEM-ABF image obtained
from the unirradiated area (Fig. 5(a)), the defect-induced contrast variation
in the STEM image can be clearly observed even in this low-damage
region, with some areas becoming relatively blacker and brighter in the
ABF (Fig. 5(b)) and HAADF image (Fig. 5(c)), respectively. This can be
attributed to the lattice disorder induced by the tiny defect clusters [44].
The areas of tiny defect clusters are circumscribed by a dashed line, and the
locations of these areas in the ABF and HAADF images agree well.
To clearly display the contrast variation, parts of the areas from Fig. 5(b)
and (c) were enlarged and are presented in Fig. 5(e) and (f), respectively;
the image in Fig. 5(d) (enlarging from Fig. 5(a)) is provided as a
comparison standard. Using Gatan Digital Micrograph software, the
measured average (0004) plane spacing from an inverse fast Fourier
transform (IFFT) pattern in the unirradiated area is approximately 2.47 A,
as shown in Fig. 5(d), almost the same as the previously reported result of
2.51 A determined using XRD [45]. However, in the area with contrast
change, the lattice plane spacing was increased to approximately 2.72 A on

average. The expansion of the lattice plane might be attributed to the tiny
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interstitial-type cluster formed in these areas [46]. In addition, the area with
contrast variation in the HAADF image marked by a solid line in (Fig. 5(c))
was enlarged and is displayed in Fig. 5(f). The difference in image contrast
IS corroborated Dby the intensity profiles displayed beneath the
corresponding  columns, which were obtained using Gatan
DigitalMicrograph software across the column along the arrow direction.
The intensity of the center columns of this selected area increased. As there
was no heavier atom doped into the materials, the increased contrast might
arise from the interstitial-type clusters [(47),48)]. The ABF- and
HAADF-STEM results for the A layer suggest that most of the tiny defect

clusters observed in the A layer should be interstitial-type defects.

R R A Yo
"0000001-0

'0.4.-‘..0.

Distance (nm)

Fig. 5. STEM images obtained from unirradiated area and A layer along the [1120]
zone axis. (a) ABF image from unirradiated area. (b) ABF image and (c) HAADF image

obtained from same region in the A layer. (d) Enlarged image of the area in (a). (e)
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Enlarged image of the area in (b). (f) Enlarged image of the area marked by the solid
line in (c) and the intensity of each atom column along the arrow direction. The

contrast-changed areas are marked by dashed lines and solid lines.

BSDs are usually identified in HR-TEM images by the black image
contrast, as observed in Fig. 1(e). Comparing the ABF-STEM image and
HR-TEM image in the same area (Fig. S2 in supplementary material), it is
apparent that the BSDs also appeared as black contrast in the ABF-STEM
image.

Using ABF- and HAADF-STEM, some larger contrast-changed areas
circumscribed by dashed lines were observed in the B; layer and near the
amorphous/crystal interface, as shown in Fig. 6. These contrast-changed
areas can be attributed to the BSDs. In addition, the average size of these
contrast-changed areas in Fig. 6 is approximately 5 nm, agreeing well with
the size of BSDs summarized in Table 1, which also supports their
designation as BSDs. The lattice-plane spacing was also expanded in these
areas. Moreover, in some areas, such as in Fig. 6(c), which was enlarged
from the area in Fig. 6(b) circumscribed by the red solid line, some extra
planes of atom columns were observed, as confirmed by the IFFT image of
this area (Fig. 6(d)). These extra planes also indicate that most defects
formed in the contrast-changed areas should be interstitial type. Therefore,
the above results suggest that the BSDs formed in our samples should
mainly be interstitial-type clusters, which is consistent with the mobility of

interstitials and vacancies in SiC. Bockstedte et al. reported that the
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migration energies of vacancies are 3.2-3.6 eV and 3.5-5.2 eV in Siand C
[49], respectively, whereas the migration energies of interstitials have been
reported to be 1.53 eV in Si and 0.74 eV in C [50]. The Si vacancies in SiC
become sufficiently mobile at 800 °C-900 °C [51], and C vacancies may
require a higher temperature. It should be pointed out that interstitials are
believed to be immobile based on the thermal equilibrium dynamics at
room temperature. However, it has also been reported that during the
ballistic collision process, the energy deposition from ions to a crystalline
could also cause local heating (i.e., an elastic thermal spike) and intense
ionization that can lead to localized electronic excitations and local lattice
heating (i.e., an inelastic thermal spike). Besides, experimental results have
demonstrated that this energy deposition could result in defect formation,
diffusion and local structures driven far from equilibrium [52]. Recently, it
has also found that the associated defects recovery and diffusion, due to the
inelastic thermal spike and localized electronic excitation, are independent
of ambient sample temperature [53]. Moreover, molecular dynamics
simulation has confirmed the enhanced fission gas diffusion in UO; due to
the ionization-induced thermal spike [54]. Therefore, the defect clusters
(i.e., BSDs) formed in our samples might be attributed to the
irradiation-enhanced defect diffusion. As interstitials have a lower
migration energy barrier compared with vacancies, they could relatively
easily move and combine into clusters in our study. In addition, M.
Bockstedte et al. [55] investigated the annealing of vacancies and

interstitials in SIC by an ab initio method based on density-functional
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theory, which found that the higher mobility of carbon and silicon
interstitials compared to the vacancies at lower temperatures drives the
formation of interstitial carbon clusters. C. Liu et al. [7] developed a cluster
dynamic model by regarding the BSD as an interstitial cluster and
proposing additional physical phenomena likely to be present in irradiated
SiC. The cluster distributions predicted by their simulations yield an

agreement with those measured experimentally, which also supports that

BSDs are interstitial type defects.
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Fig. 6. STEM image obtained from Bi layer and near the amorphous/crystal interface
along the [1120] zone axis. (a, b) were obtained from same region in the B layer: (a)
ABF image and (b) HAADF image. (c) is enlarged from the area in (b) circumscribed
by the red solid line. (d) Image of inverse fast Fourier transform of (c). (e, f) were
obtained from the same region near the amorphous/crystal interface: () ABF image and
(f) HAADF image. In (a) and (b), a mark was made by an electron beam to confirm the

position of each image.
4. Discussion

4.1 Anisotropic defect distribution

The samples in the current study were selected-area ion irradiated such
that SiC could freely expand in the Z direction with swelling in the lateral
direction (X and Y directions) constrained. These conditions resulted in
anisotropic strain or swelling in the sample with a tensile strain in the Z
direction and compressive strain in the X and Y directions. The X, Y, and Z
directions correspond to lattice orientations of [1120], [1010], and [0004]

in these samples, respectively [32].
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The anisotropic BSD distribution was determined using conventional
TEM, and these defect clusters should mainly be interstitial type in view of
the STEM results and defect mobility in SiC. As BSDs correspond to the
accumulation of point defects, the formation of more and larger BSDs in
the [0004] orientation implies that more interstitial defects were
preferentially redistributed in the [0004] orientation compared with in the
other two orientations. The defect distribution is correlated to the
strain/swelling in the sample. In general, interstitial defects cause the
expansion of the lattice around them. The detected defect distribution
implies that the tensile strain introduced in the [0004] orientation should be
higher than that in the other two orientations. This deduction agrees well
with the anisotropic strain condition of our samples with tensile strain in
the [0004] orientation and compressive strain in the [1010] and [1120]
orientation [32]. Moreover, even though with relative lower number density,
the BSDs in the [1010] and [1120] direction are still expected to expand
the lattice of the corresponding direction, compressive strain is introduced
in these two directions. This implies that more defects with negative
volume effect, i.e., vacancy [56] and/or carbon antisite defects (carbon
atom occupying the Si-vacancy site, Cs;i) [4,27,57], than interstitial defects
should be introduced in these two directions. It is well known that
vacancies are simultaneously introduced into SiC with interstitials;
however, the presence of Cs;defects remains unclear.

Fig. 7(a) and (b) display the STEM-EELS core-loss spectra of the

silicon L,3-edge and carbon K-edge, respectively, acquired from different
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damaged layers. To facilitate identification, the reference spectra of
single-crystal silicon and amorphous carbon are also presented in Fig. 7(a)
and 7(b), respectively. The core-loss of EELS spectrum could provide the
insight into the bonding structure of materials with its peak position and
peak shape. For the SiC crystal lattice structure, it is tetrahedral that the
carbon atom is surrounded by four silicon atoms, corresponding to the sp?
mode with the bond of C-Si, and this bonding structure shows the 1s—c*
peak at about 290 eV of the core-loss carbon K-edge spectrum, such as the
spectrum of “Unirr” in the Fig. 7(b). For amorphous carbon, it shows the
graphite like structure that carbon atom is surrounded by three carbon
atoms, corresponding to a sp? configuration, which shows both n* (C=C)
and o* (C—C) peaks at about 283 eV and 295 eV [58,59], respectively, such
as the spectrum of “Am. C” in the Fig. 7(b). It is clear that the transition of
C-Si bond to C-C and/or C=C bond in the SiC require a displacement of Si
atom with C atom, which would result in the formation of Cs; (carbon atom
occupying the Si-vacancy site), i.e., the appearance of peak at about 283 eV
(Is—=n*) and 295 eV (1s—oc*) in the carbon K-edge core-loss EELS
spectrum would be evidence of the presence of Cs;.

For the core-loss EELS spectra in the He™ irradiated SiC, the peaks
gradually broadened with increasing damage (from the A to C layer) in
terms of the Si L,3-edge peak at ~103 eV (Fig. 7(a)) and the carbon K-edge
Is—o* peak at about 290 eV, especially for the B1 and C layer, which
indicates the damage or decreasing of the C-Si tetrahedral bond structure in

SiC. As comparing the “unirr” spectrum with the “A” spectrum in the Fig.
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(b), it is shown that the left side (280~290 eV) of the o* peak (290 eV)
seems not broadening. However, its right side (290~300 eV) becomes
broadened and smoothing, and this energy region just corresponds to the
carbon o* peak (295 eV) of the “Am. C” spectrum. This may suggest the
appearance of carbon o* peak at 295 eV, and also the formation of C-C
bond structure and the Cs;. With increasing damage, such as the B1 and C
layer, the broadening of this peak (290 eV) at the region of 290~300 eV
becomes more dominant. Moreover, a 1s—xn* shoulder peak (283 eV) was
also observed in the spectra acquired from the B1 and C layer, which
further confirms the presence of Cs; in the selected-area irradiated 4H-SiC.
It should be pointed out that the formation of 1ls—z* peak (283 eV)
indicates the irradiation-induced bonding configuration shifting from sp? to
sp? in SiC, which requires a highly damaged state, such as the formation of
defect clusters or amorphization. Thus, it is observed only in the B1 and C
layer. The transition of C-Si to C-C (and/or C=C) bond detected in our
previous Raman analysis also implies the occurrence of the Cs; [32]. In
previous works of Kondo et al. [4], an increase in the population of antisite
Csi was also observed in Si?*-irradiated SiC fiber, which was implicated as
the primary cause for the shrinkage of the irradiated SiC fibers.
Considering the negative volume effect of Cg; [4,60], the antisite defect of
Csi may be dominantly located in ([1120]) and ([1010]), contributing to
the lateral (X- and Y-direction) compressive strain in selected-area
ion-irradiated 4H-SiC. Therefore, in the selected-area ion-irradiated

4H-SIC, it is likely that interstitial defects are preferentially redistributed in
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the freely expanding direction (Z, [0004] orientation) with vacancy and/or
carbon antisite defects dominantly located in the constrained swelling

direction (X and Y, [1120] and [1010] orientation).
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Fig. 7 Irradiation-induced change of EELS core-loss spectra: (a) Si L23-edge spectra
and (b) carbon K-edge spectra. The inset letters correspond to the layers marked in Fig.
1(a). Reference spectra of single-crystal silicon and amorphous carbon obtained from
the Gatan EELS website (https://eels.info/atlas/carbon) are provided for ease of

identification.

4.2 Potential mechanism for anisotropic defect distribution

The different number density and size distribution of BSDs (shown in
Table 1 and Fig. 4(a)) indicate different nucleation and growth conditions
for the different orientations or planes. It is apparent that BSDs in the [0004]
orientation have more nucleation sites and a higher growth rate. Defect
formation and growth in SiC during ion irradiation mainly arise from the
irradiation-induced point defects and their diffusion and combination. lon

irradiation usually introduces nearly the same number of interstitials and
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vacancies (Frenkel pairs) in SiC. The anisotropic defect distribution in our
sample can mainly be attributed to the different mobilities of interstitials
and vacancies, which usually control the defect type and distribution. As
the sample was irradiated at room temperature, where interstitial point
defects are mobile and vacancies are not, it is likely that some of the
interstitials might be redistributed from the [1010] and [1120]
orientations to the [0001] orientation to reduce the internal energy because
of the habit plane for (0001), resulting in larger and more interstitial-type
BSDs in the interplane of [0004].

It has been reported that differential swelling leads to significant stresses
[18,24]. Using EBSD, the stress distributions in irradiated and unirradiated
areas were measured, as shown in Fig. 8 with (b), (c), and (d)
corresponding to the stress in the X ([1120]), Y ([1010]), and Z ([0001])
directions, respectively. It is clear that because of the restriction of swelling,
great compressive stress was introduced in both the X and Y directions with
an average of —0.94 and —1.15 GPa, respectively; however, little stress
arose in the Z direction because of the relaxation of swelling. Moreover, the
stress distribution in the other sample with substantially lower fluence of
1x10% cm™ was also measured by EBSD, as shown in Fig. 9. The
anisotropic stress distribution was also distinct in this sample with
relatively large compressive stress in the X (—0.23 GPa) and Y (—0.36 GPa)
directions but little in the Z direction. This result indicates that the
compressive stress in the lateral direction begins to accumulate even at the

beginning of irradiation. Kondo et al. [61] reported that compressive stress
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likely inhibits the interstitial-type loop nucleation in planes perpendicular
to the stress axis, resulting in an anisotropic Frank loop development in
ion-irradiated SiC. In Table 1 and Fig. 4(a), the BSDs in the lateral
direction have a lower number density and smaller size. It is likely that the
lateral compressive stress introduced during irradiation inhibits the
nucleation and growth of interstitial defects. This anisotropy of the defect
distribution in selected-area He*-irradiated 4H-SiC can be mainly attributed

to the different stress conditions in the different directions.

(8) SEM Image (b) 54, 1GPa| (c) §,, 1GPa| ) S, |GPa)
. " “, !

SLsH
EE
3

Tonsile
—

Trradiated area '

It A e S R Sl b

lhr{u« “AFAT

- = Y V& 1 L 0
| lnm-hu .04 ~ y - A
‘ Yirior wn
Unirradiated aren - :
: (& X4 3L0]
Sy : Zi |0d01 -

1A ¥

i

0

« uwpu-sﬁ-w
—

Fig. 8. Stress distribution in selected-area He*-irradiated 4H-SiC with fluence of 5x10%°
cm2: (a) SEM image and (b)—(d) corresponding stress composition in (b) X, (c) Y, and
(d) Z direction. The strain distribution in this region is provided in the supplementary

materials of Ref. [32].
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Fig. 9. Stress distribution in selected-area He* irradiated 4H-SiC with fluence of 1x10%°

cm2: (a) SEM image and (b)—(d) corresponding stress composition in (b) X, (c) Y, and

(d) Z direction.
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4.3 Defect distribution in non-selected-area He*-irradiated 4H-SiC

For comparison, a non-selected-area He*-irradiated 4H-SiC sample was
prepared using the same fluence of 5x10'® cm™2. The defect distribution in
this sample is shown in Fig. 10. The observed difference in the different
directions in this sample appears to be smaller than that in the selected-area
irradiated 4H-SiC (Fig. 2). The calculated average size and number density
of the BSDs are summarized in Table 1. The BSDs in different directions
were similar in average size with a higher number density in the [0004]
direction. The defect distribution remained slightly anisotropic in this
sample. However, its anisotropy was substantially smaller than that in the
selected-area irradiated samples in terms of the average size and number
density of BSDs. This result is supported by the similar defect size
distributions in the different directions in Fig. 4(b). Without constraint in
the lateral direction, the compressive stress introduced in the
non-selected-area irradiated sample should be lower than that in the
selected-area irradiated sample. The relatively lower anisotropy of the
defect distribution in the non-selected-area He*-irradiated 4H-SiC indicates
the restraining effects of the compressive stress on the formation of
interstitial defects.

Although relatively smaller, an anisotropic defect distribution remained
in this non-selected-area irradiated sample. It has been reported that
compressive stress would also be introduced in the lateral direction in
ion-irradiated SiC, which is attributed to the constraint against lateral

expansion owing to the shallow thickness of the irradiated layer compared
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with the sample thickness in contrast to the free expansion allowed along
the surface normal [61]. Hence, the anisotropic defect distribution in the
non-selected-area ion-irradiated sample may also be attributed to the

compressive stress introduced in the lateral direction.
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Fig. 10 TEM images of BSDs in non-selected-area He"-irradiated 4H-SiC with fluence

of 5x10% cm™. (a), (c), and (e) are two-beam bright-field images with g=0004, 1010,
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and 1120, respectively, and (b), (d) and (f) are their corresponding weak-beam
dark-field images with g/3g. (a—d) were obtained from the same area, and (e, f) were

obtained from another area.

4.4 Defect distribution in electron-irradiated thin-film 4H-SiC

It has been reported that the introduction of compressive stress in the
lateral direction may even be possible in non-selected-area ion-irradiated
bulk samples because of the constraint against lateral expansion [61]. For
comparison, the electron irradiation was performed on a TEM-foil sample
of 4H-SIC at room temperature. Before irradiation, the samples were
annealed at 600 °C for 30 min to remove any potential internal stress.
During irradiation, the electron beam was parallel to the [1120] zone axis.
Hence, compared with the He*-irradiated bulk sample, there were two main
differences in terms of the stress condition that should be noted in the
electron-irradiated sample. One is that the lateral stress in the
electron-irradiated area should be relatively lower because of the relatively
thinner electron-irradiated sample, though electron irradiation is also a type
of selected-area irradiation. The other is that the [0004] and [1010]
orientations should have a similar stress as both are lateral directions as the
electron beam was along the [1120] direction. Therefore, the different
stress states in the [0004] and [1010] orientations in the ion-irradiated
sample could be neglected in this electron-irradiated sample.

The defect distributions in the centers of the electron-irradiated areas are

shown in Fig. 11, and the counted average size and number density of
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BSDs are summarized in Table 1. The size distribution of BSDs is shown in
Fig. 4(c). The BSDs formed under electron irradiation were larger in
average size and lower in number density than those under ion irradiation.
This may be attributed to a larger flux density of electron beam irradiation
(1.2x10%* e-m %s7!) compared with the ion irradiation (6.2x10'® He-m2-s%)
and also the surface effects of the TEM-foil sample. From the average size,
number density, and size distribution of BSDs in the [1010] and [0004]
orientations, the defect distribution in electron-irradiated 4H-SiC also
appears to be anisotropic. However, the ratios of the average size and
number density between the [0004] and [1010] orientation were 1.15
(7.1/6.2) and 152 (1.1/0.72) (Table 1), respectively, in the
electron-irradiated sample, which are substantially smaller than the ratios
of 1.41 (5.5/3.9) and 2.64 (2.9/1.1), respectively, in the selected-area
He*-ion-irradiated sample. Therefore, it is apparent that the anisotropy of
the defect distribution in the selected-area He'-irradiated sample was
enhanced, which can be primarily attributed to the compressive stress
introduced in the lateral direction during irradiation.

It should be noted that the different irradiation conditions for ion
irradiation and electron irradiation, including the different dose rates,
different irradiation particle energies, and the cascade effect, might
contribute to the different defect evolution. In particular, interstitial and
vacancy atoms might annihilate on the surface of the thin sample used in
the electron irradiation, which would greatly affect the defect distribution

in the sample. However, the above cases should have a similar effect on the
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defect distribution for the [0004] and [1010] directions, and they might not
greatly change the anisotropy of the defect distribution between the [0004]
and [1010] directions. Hence, the great difference in the anisotropy of the
defect distribution between the selected-area ion irradiation and electron
irradiation can be mainly attributed to the compressive stress introduced
during ion irradiation.

Similar to the non-selected-area He*-irradiated sample, anisotropic
defect distribution was also somewhat introduced in the electron-irradiated
foil sample. However, the stress effect on the anisotropy should be quite
low in the electron-irradiated sample, as discussed above. Stress should not
be the primary cause for the anisotropy between the [0004] and [1010]
directions in the electron-irradiated sample. Hence, the anisotropic defect
distribution in the non-selected-area ion-irradiated sample and
electron-irradiated sample might not only be attributed to the stress, and
some other potential mechanisms might exist [27,31,62]. Anisotropic
swelling is also observed in the reported result that a shrinkage of the a-axis
is formed at extremely low doses of 1.26 x10- dpa in H*-irradiated 6H-SiC
with an expansion in the c-axis, which could be associated with
irradiation-induced vacancies in the a-axis [27]. Therefore, the initial
anisotropic distribution of defects in ion-irradiated o-SiC might be
attributed to the intrinsic property of a-SiC, such as the larger parameter of
the c-axis than that of a-axis. The interstitial atoms would expand the lattice,
and the local crystal structure around a vacancy could contract. When a C

or Si atom is removed from the lattice site in a unit cell of a-SiC, a local
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lattice strain is induced, and a repositioning of the surrounding atoms
occurs to minimize the internal energy. The anisotropy of defect
distribution, i.e., the interstitial atoms redistributed into c-axis (which is
larger in plane space) and vacancies and/or Cs; located into the a-axis,
seemly better to minimize the strain and disorder induced by irradiation.
This interpretation agreed with the distribution of interstitial type defect of
helium platelet, which has been reported to preferentially form in the c-axis
[63]. In addition, the modeling results showed that the activation barrier for
a migration of carbon interstitials in the 4H-SiC is the lowest along the
c-axis ([0001]) compared with the [1120] and [1010] [64], which also
agrees well with the defect distribution in our study. This suggests that the
different migration energy for a defect along the different axes in the a—SiC
would also contribute to the anisotropic defect distribution and the
anisotropic swelling. As the compressive stress is introduced into the a-axis,
I.e., selected-area He'-irradiated 4H-SIiC, a higher anisotropic defect
distribution is observed, which shows an enhanced tendency of defect
repositioning discussed above. The compressive stress would compact the
plane space in the a-axis, which seemly inhibits the interstitial type defect
formation in this direction and enhances the anisotropic defect distribution
in the He" irradiated 4H-SiC. In addition, it has been reported that the
irradiation-induced tensile strain would cause the drift of interstitial atoms,
resulting in a higher tensile strain [65]. Considering the strain condition in
the selected-area He*-ion-irradiated 4H-SiC that tensile strain in the [0004]

orientation and compressive strain in [1010] and [1120], it is possible
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757 that this strain condition would affect defect drift and enhance the
758 anisotropic defect distribution, which would in turn result in higher
759 anisotropic swelling. Therefore, the observed anisotropic defect distribution
760 in the selected-area He'-irradiated 4H-SiC should be attributed to the
761  integrated effects, including both the intrinsic properties of a-SiC and the

762 compressive stress in a-axis.

=004

-

100 nm
763

g=1010

764
765  Fig. 11. TEM images of BSD distribution in the center of electron irradiation area of

766  electron-irradiated 4H-SiC: (a, b) g=0004 and (c, d) g=1010, with (a, c) bright-field
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images and (b, d) weak-beam dark-field images, g/3g. These images were obtained from

the same area.

5. Summary

Using TEM techniques, the defect distribution in selected-area
He*-irradiated 4H-SiC with irradiation-induced anisotropic swelling was
explored, and anisotropy of the defect distribution was observed. Interstitial
defects were preferentially redistributed to the freely expanding direction
(Z direction, [0004] orientation) with negative volume defects dominantly
located in the constrained swelling directions (X and Y directions,
[1120] and [1010] orientations). This anisotropy of the defect
distribution was substantially larger than that in non-selected-area
He*-irradiated 4H-SiC and electron-irradiated  thin-foil  4H-SiC.
Compressive stress was introduced in the lateral direction (X and Y
directions, [1010] and [1120] orientations), with little introduced in the
surface normal direction (Z direction, [0004] orientation) in the
selected-area He'-irradiated 4H-SiC because of the constraint against
lateral expansion, and these compressive stresses were introduced at the
beginning of ion irradiation. The compressive stress introduced during
irradiation was speculated to inhibit the formation of interstitial defects,
enhancing the anisotropic defect distribution in the selected-area

ion-irradiated 4H-SiC.
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